Importance: Growing evidence of cell-to-cell transmission of neurodegenerative disease (ND)-associated proteins (NDAPs) (ie, tau, A␤, and ␣-synuclein) suggests possible similarities to the infectious prion protein (PrP sc ) in spongiform encephalopathies. There are limited data on the potential human-to-human transmission of NDAPs associated with Alzheimer disease (AD) and other nonPrP sc ND.
Results : We found mild amounts of pathological tau, A␤, and ␣-synuclein deposits in the adeno/neurohypophysis of patients with ND and control patients. No cases of AD or PD were identified, and 3 deaths attributed to amyotrophic lateral sclerosis (ALS) were found among US NHPP c-hGH recipients, including 2 of the 796 decedents in the originally confirmed NHPP c-hGH cohort database.
Conclusions and Relevance:
Despite the likely frequent exposure of c-hGH recipients to NDAPs, and their markedly elevated risk of PrP sc -related disease, this population of NHPP c-hGH recipients does not appear to be at increased risk of AD or PD. We discovered 3 ALS cases of unclear significance among US c-hGH recipients despite the absence of pathological deposits of ALS-associated proteins (TDP-43, FUS, and ubiquilin) in human pituitary glands. In this unique in vivo model of human-to-human transmission, we found no evidence to support concerns that NDAPs underlying AD and PD transmit disease in humans despite evidence of their cell-to-cell transmission in model systems of these disorders. Further monitoring is required to confirm these conclusions. February 4, 2013 February 4, . doi:10.1001 February 4, /jamaneurol.2013 February 4, .1933 C URRENT EVIDENCE IMPLIcates the cell-to-cell transmission of the major pathogenic proteins of Alzheimer disease (AD), Parkinson disease (PD), frontotemporal lobar degeneration (FTLD), amyotrophic lateral sclerosis (ALS), and related neurodegenerative diseases (NDs) in the progression of these disorders, as demonstrated by studies of the ND-associated proteins (NDAPs) in animal [1] [2] [3] [4] [5] [6] [7] and cell culture model experiments. [8] [9] [10] This compelling evidence of cell-to-cell transmissibility of AD, PD, and several other NDAPs is reminiscent of the prion protein [11] [12] [13] [14] [15] [16] [17] (PrP   sc   ) , which is defined as a proteinaceous infectious particle 18 that causes human and other mammalian spongiform encephalopathies. However, despite these similarities in disease protein spreading, non-PrP sc NDAPs fulfill some, but not all, of the revised Koch postulates adapted for proof of disease transmission by PrP sc and other NDAPs
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; therefore, it is unclear if any NDAP other than PrP sc is truly a proteinaceous infectious particle that may transmit human disease. Indeed, some question the safety of organ transplants from ALS donors 20 and NDAPs have been referred to as "prionoids" 14 and even as "prions" 7 because of these emerging transmission data.
Notably, a worldwide outbreak of iatrogenic Creutzfeldt-Jakob disease (CJD) occurred beginning in the mid-1980s that affected individuals treated with human growth hormone (hGH) extracted from cadaveric pituitary glands (c-hGH). 21 Since international cohorts of c-hGH recipients, including patients in the United States who received c-hGH through the National Hormone and Pituitary Program (NHPP), continue to be studied, they provide a unique opportunity to explore possible humanto-human transmission of non-PrP sc NDs. More than 200 patients worldwide 22, 23 developed CJD from peripheral administration of c-hGH preparations contaminated with PrP sc from affected donors. Thus, an analysis of the rate of ND development in these patients might provide insight as to whether non-PrP sc NDAPs transmit disease in humans. To examine this issue, we first determined the potential exposure of c-hGH recipients to non-PrP sc NDAPs by evaluating sections of anterior (adenohypophysis) and posterior (neurohypophysis) human pituitary glands for the presence of pathological deposits of these disease proteins. Next, we examined the frequency of NDs in c-hGH recipients worldwide in the published literature as well as in the US NHPP database. We focused on AD, PD, FTLD, and ALS since these are the most common NDs associated with motor and cognitive impairments in the general population.
METHODS
IMMUNOHISTOCHEMICAL ANALYSIS
Thirty-four autopsy patients (10 non-ND controls and 24 patients with ND) at the Center for Neurodegenerative Disease Research with available pituitary tissue were analyzed (eTable 1, http://www.jamaneuro.com). All neuropathological procedures were performed in accordance with the institutional review board at the University of Pennsylvania and with an approved informed written consent. Pathological assessment was performed using immunohistochemical methods as previously described 24 to detect pathological tau, A␤, ␣-synuclein, TDP-43, FUS, and ubiquilin. To identify fibrillar species of NDAPs that formed amyloid deposits, sections were also stained with the amyloid-binding dye Thioflavin S.
Semiquantitative scores of pathological deposits of NDAPs were correlated with age at death using a nonparametric Spearman correlation (SPSS version 19.0; SPSS).
NHPP DATABASE EVALUATION
Data were collected on recipients of c-hGH through the NHPP, and the description of this cohort as well as the NHPP data gathering methods have been published. 25 All patients originally identified as NHPP c-hGH recipients with known date of birth and vital status as of January 1, 1979 (the start of National Death Index records), were included in the study (n=6190). Death certificate data were obtained for deceased patients through 2008 and searched for mention of AD, PD, or ALS. The observed number of deaths within the cohort attributed to each of these 3 diseases was compared with an expected number, which was calculated by using US mortality data for disease rates broken down by sex, race, 5-year age group, and the International Classification of Diseases. Statistical probabilities were calculated using a Poisson distribution with a Bonferroni multiple comparisons correction to set the significance level at .05/3=.0167.
RESULTS
PATHOGENIC NDAPs IN THE ADENO/NEUROHYPOPHYSIS OF PATIENTS WITH ND AND CONTROLS
Examination of pituitary samples using the methods described earlier revealed a low number of pathological deposits of tau, A␤, and ␣-synuclein in both ND and control cases (Figure 1 and Table) . These deposits were defined as pathological because they deviated from the known normal distribution of these proteins in the brain, were detected with antibodies to abnormal posttranslational modifications or pathological conformers of these disease proteins, or, in some cases, resembled lesions seen in the brains or olfactory epithelium of patients with AD and PD. 26 Diffuse perivascular A␤ deposits and amyloid angiopathy in blood vessel walls were visualized by A␤ immunohistochemical analysis ( Figure 1A ) in both the adenohypophysis and neurohypophysis of all patients with AD. Similar to diffuse A␤ plaques in the cortex, the A␤ deposits in the pituitary glands studied herein were not stained by the amyloid-binding dye Thioflavin S. Mild amounts of tau-positive dystrophic neurites and axonal swellings were detected ( Figure 1B ) in the neurohypophysis of most tauopathy patients (ie, subjects with AD or progressive supranuclear palsy), and a subset of these pathological tau deposits were weakly Thioflavin S positive. Inclusions composed of pathological ␣-synuclein appeared as dystrophic neurites ( Figure 1C ) while others resembled cortical Lewy bodies ( Figure 1D ). Lewy body-like inclusions and a subset of dystrophic Lewy neurites also were Thioflavin S positive, similar to Lewy bodies and Lewy neurites in PD brains (Figure 2 ). These ␣-synuclein-stained inclusions were seen mostly in patients with PD; however, they also occurred in some of the non-ND controls and patients with AD. Alzheimer disease-related A␤ and tau deposits were also detected in patients with PD and non-ND control cases, especially in older individuals. Indeed, a positive correlation was found with age and severity of tau (r=0.56; P=.001) and A␤ (r=0.45; P =.008) inclusions in all cases. Amyotrophic lateral sclerosis-associated deposits labeled by TDP-43, FUS, or ubiquilin were not detected in any of the sections reviewed.
NHPP DATABASE REVIEW
Overall, about 7700 patients are estimated to have been treated through the NHPP from 1963 to 1985. In the latter 1980s, most of these patients were identified, and their treatment through the NHPP with c-hGH containing extracts of cadaveric pooled pituitary glands was confirmed. For the present study, we had sufficient data for analysis of 6190 subjects of whom 796 were deceased. The mean age at death was 27.2 years (range, 0-77 years) and mean duration from first treatment to death was 16.3 years (range, 0-45 years) (eTable 2). No mention of AD or PD appeared on the death certificate of any of the 796 subjects, but the cause of death for 2 patients was listed as ALS. The first patient was a 30-year-old man who received c-hGH between September 1976 and April 1985 for idiopathic isolated growth hormone deficiency. He died in February 2000 of "respiratory failure" due to "ALS," but no autopsy was performed. The second patient was a 30-year-old woman who received c-hGH between 1978 and 1984 for idiopathic multiple pituitary hormone deficiency. The cause of her death in February 1997 was "respiratory failure, ALS, and amyotrophic partial sclerosis." An autopsy was performed on this patient and medical records were reviewed by 2 physicians who separately reported the diagnosis as "probable ALS" and "confirmed ALS," but studies to identify TDP-43 inclusions seen in nearly all sporadic ALS cases were not reported, nor were FUS or ubiquilin examined. Based on US mortality data available through 2008, a total of 0.31 deaths attributed to ALS were expected in this cohort through that year; the probability of 2 or more cases was P = .04, which did not meet our criteria for an elevated rate of disease (P Յ .02). We found an additional US chGH recipient in the published literature who developed ALS at age 18 years, about 140 months after treatment for idiopathic panhypopituitarism with c-hGH (from [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] . 27 This additional ALS decedent identified among the NHPP recipients had not been originally identified and included among the 6190 confirmed NHPP chGH recipients; thus, he was not included in the earlier statistical analysis. Inclusion of this patient in this analysis with the entire estimated NHPP cohort, assuming the remainder of the approximately 7700 patients had a similar demographic profile to the known 6190 patients, indicates that the probability of observing 3 or more decedents with ALS was 0.006, which would suggest a higher rate of death attributed to ALS in this cohort than in the general population. Systematic review of the literature found no reports of AD, PD, or any additional ALS cases in worldwide c-hGH recipients.
COMMENT
Our findings herein indicate that pathological species of tau, A␤, and ␣-synuclein are found in the adeno/ neurohypophysis of normal individuals and those with ND, but, this notwithstanding, these NDAPs are unlikely to propagate between individuals as a diseasecausing infectious agent based on our review of the NHPP database for the following reasons. First, it is highly likely that c-hGH recipients were exposed to the pathogenic proteins (ie, tau, A␤, and ␣-synuclein) of AD, PD, and FTLD-tau during the frequent administration of c-hGH that patients received over periods of several years. This assumption is based on the fact that low levels of pathological deposits of these NDAPs were present in both affected and unaffected subjects in our immunohistochemical analysis. Indeed, a similar burden of PrP sc inclusions has been demonstrated in the neurohypophysis of sporadic CJD cases, thereby establishing pituitary gland extracts as the likely source of PrP sc for c-hGH recipients. 28 Compared with CJD with an incidence of about 1 case per million, the incidence of AD is at least 3 orders of magnitude higher and the inci- dence of PD at least 2 orders of magnitude higher. 29 Thus, provided the pathogenic species of the NDAPs linked to AD, FTLD-tau, and PD as well as PrP sc were similarly affected by the c-hGH purification process, c-hGH recipients would most likely have had a much higher probability of exposure to pathological tau, A␤, and ␣-synuclein than to PrP sc . In addition, our observations of abnormal deposits of NDAPs in aged control pituitary tissue further increase the likelihood of potential exposure to these proteins.
Second, although more than 200 cases of iatrogenic CJD have been identified to date among the estimated 30 000 c-hGH recipients treated between 1959 and 1985 worldwide 30 (7700 in the United States, 1880 in France, and 1800 in the United Kingdom alone 23 ), we found no reports of AD, FTLD, or PD, suggesting that these diseases may not be transmissible between humans.
Several caveats should be noted regarding the interpretation of these findings. First, it is currently unclear which species of NDAPs (monomers, oligomers, or fibrillar forms) is responsible for transmission seen in published models of disease, although the reports by Luk et al 2, 3 used preformed ␣-synuclein fibrils to transmit lethal Lewy body disease in an animal model. We demonstrate varying degrees of both amyloid-like and diffuse deposits for A␤, tau, and ␣-synuclein in the neurohypophysis ( Figure 1 and Figure 2 ). Despite the relative stability of PrP sc , it is still probable that most forms of these non-PrP sc NDAPs observed herein could also survive the relatively crude sequential extraction process used to purify c-hGH prior to 1977 in the United States, 31 because the pathological species of NDAPs in AD and related proteinopathies are known to remain insoluble in harsher detergents used in experimental sequential extraction techniques. 32, 33 Our retrospective analysis is limited to reports in the literature and interrogation of a death certificate database that may not be comprehensive enough to detect all clinically manifest NDs. Indeed, neurologic diseases (ie, neoplasms, head trauma, and radiation necrosis) that occur in some c-hGH recipients may be difficult to distinguish from an emerging ND. However, the NHPP database did enable recognition of an increase in CJD in the US cohort of NHPP c-hGH recipients.
Another uncertainty is the potential incubation period for transmitted NDAPs. The reported mean incubation time for prion disease from midpoint of treatment in c-hGH recipients worldwide was 17 years but ranged from 5 to as long as 42 years. 23 Endocrine failure or the underlying etiology of hormone deficiency contributed substantially to the young mean age at death of the patients in our cohort (27.2 years) (eTable 2). 34 Despite this, more than half the deceased patients survived 15 years or more after the midpoint of c-hGH treatment, and 19% survived 25 years or more (eTable 2). Additionally, the large number of living patients (about 4600 of the cohort) also have not died of an ND after a long follow-up period of 25 years or more from the initial treatment (eTable 2).
The time required for the underlying neuropathology to cause clinical disease in non-PrP sc ND is not clear, but most likely it varies widely among different individuals and commonly spans several decades. There is evidence of neuropathological changes long before the onset of clinical disease. Early preneurofibrillary tangle pathology has been found in asymptomatic patients as young as the first decade of life. 35 Furthermore, biomarker studies of AD suggest amyloidosis may be evident decades before clinical symptoms in AD. 36, 37 Indeed, new criteria to identify asymptomatic "preclinical" AD highlight the importance of AD neuropathological change as an abnormal prodrome to clinical AD. 38 As such, it is possible that susceptible c-hGH patients could be in an early asymptomatic phase of transmitted ND that may not have become clinically manifested yet and thus not detected by our study. The lack of autopsy data for the NHPP cohort limits our ability to examine for evidence of a potential subclinical NDAP transmission and thus provide a more definitive conclusion on the subclinical human-to-human transmission of NDAPs; however, we found no evidence to support clinical transmission of AD or PD in this unique cohort after a relatively long incubation period (as compared with our experience with CJD). Continued follow-up of recipients of c-hGH, with reviews of the clinical and autopsy records of those who may die in the future with an ND listed as a cause of death, will be important to confirm these findings.
The discovery of 2 deaths attributed to ALS among the initially confirmed cohort of NHPP c-hGH recipients and 1 additional case identified in the literature, especially at such young ages, is disquieting. However, the identification of ALS cases among c-hGH recipients does not definitively indicate transmission of pathogenic TDP-43, ubiquilin, or FUS since we found no evidence of these proteins in the adeno/neurohypophysis of any of the cases studied herein. Notably, unlike tau, A␤, and ␣-synuclein pathology, no abnormal TDP-43 deposits occur in the olfactory epithelium as well. 26 These data suggest it is very unlikely c-hGH recipients were exposed to ALSassociated pathogenic proteins (ie, TDP-43, FUS, and ubiquilin). Furthermore, autopsy was not performed in 1 case and the others lacked state-of-the-art techniques for modern diagnosis; thus, the molecular etiology of the clinical syndrome in these cases remains uncertain. Indeed, 1 case was described to have degeneration of sensory tracts, 27 which is atypical for ALS. Although the earlier-mentioned data suggest infectivity to be an unlikely etiology, surveillance of the c-hGH cohort for ALS and related NDs is necessary to monitor the occurrence of additional cases.
In our follow-up of the unusually young ALS casepatient identified in our literature review, 27 we learned that no transmission of ALS per se occurred in a capuchin monkey that in September 1986 had received an intracerebral inoculation of 0.1 mL of a 20% suspension of this patient's frozen cervical cord tissue. The inoculated monkey died in August 1997 without having developed signs of a neurological disease; an autopsy report, however, was unavailable (P. Brown, MD, and D. M. Asher, MD, oral and written communication, June 18 and 25, 2012) . In addition, since the early 1970s, investigators at the National Institutes of Health conducted primate transmission studies with tissues from 58 other cases of ALS, 105 cases of AD, and 24 cases of PD with dementia; in none of these studies did the inoculated pri-mates develop lower motor neuron signs, behavioral changes, or a movement disorder consistent with a nonPrP sc ND, nor did neuropathologists find postmortem evidence for the transmission of these diseases 39 (P. Brown, MD, and D. M. Asher, MD, oral and written communication, June 18 and 25, 2012). In contrast, there were at least 300 cases of experimentally transmitted prion diseases during this same period. 39 Despite this substantial negative body of evidence for non-PrP sc ND transmission in nonhuman primates, 2 studies in the early 1990s reported that subclinical AD-like plaques were induced in marmosets following central nervous system inoculation with human brain lysates (0.3 mL of 10% saline suspensions). 40, 41 The majority of human brain lysates shown to induce A␤ pathology in these studies were derived from CJD cases and not AD and there was also no evidence of transmission of clinical disease or tau pathology in any of these inoculated primates.
To our knowledge, only 1 other group of human subjects can provide some additional insights into the transmissibility of NDAPs and that is those patients with PD who received striatal fetal mesencephalic grafts as experimental therapy. Neurons within these grafts showed evidence of PD-like ␣-synuclein Lewy body pathology, but the number of patients whose grafts showed this pathology was small and only rare grafted neurons developed ␣-synuclein Lewy body pathology at or beyond 10 years postgrafting. [42] [43] [44] [45] However, while this ␣-synuclein pathology could reflect the transmission of pathological ␣-synuclein from the host striatum to the grafted neurons, other explanations are possible, such as the effects of the hosts' PD neurodegenerative condition on the grafts aside from the ␣-synuclein pathology. 12, 46 In summary, despite the limitations of this study discussed earlier, to our knowledge, we provide the most compelling human in vivo evidence currently available to suggest that while there are some similarities between the cell-to-cell spread of PrP sc and non-PrP sc NDAPs in experimental models there is currently no documentation that AD, FTLD-tau, or PD-associated proteins (ie, tau, A␤, or ␣-synuclein) transmit disease in human or nonhuman primates like PrP sc . Prospective monitoring of all c-hGH recipients for CJD and non-PrP sc NDs should be continued.
